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(57) Abstract: An optical system is presented for use in a measurement system (100) for use in measurements of thin films of a 
woikpiece (W), the system comprising an optical assembly (14). comprising illuminator assembly, a detector assembly, and a light 
Q directing assembly (FA-OF) for directii^ illuminating light to a pluraJity of measurement sites in the workpiece (W) arranged in an 
^ anay of substantially concentric ring-like regions, such that an area defined by the measurement sites within one of the substantially 
^ concentric ring-like regions is substantially equal to that of the other substantially concentric ring-like region. 
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Method and Apparatus for measuring thin films 

FIELD OF THE INVENTION 

Present invention relates to the field of semiconductor manu&cturing, and more 
specifically to the optical methods and tools for measuring thickness and optical 
parameters of thin films. 

BACKGROUND OF THE INVENTION 

Several optical m^ods are currently used for measuring diickness of thin films in 
semiconductor workpiece (e.g. wafer) manuficturing, mainly based on 
spectrophotometiy and eUipsometiy. These are different configurations of optical 
measuring tools: in-situ, performing measurements during die processing; stand-alone 
(SA) tools having individual cassette-to-cassette loadAmload means and integrated tools, 
installed within or adjacent to processing equipment for layer deposition (like CVD 
cluster tools of Applied Materials. USA) or for layer removal (like CMP polishers of 
Applied Materials, EBARA, SFI, etc.) Sudi integrated metrology tools provide accurate 
measurements of each wafer inunediately aft^ the processing, e.g. layer 
depositioiiAremoval. The examples of sudh integrated metrology (B4) tools are NovaScan 
840 of Nova Measuring bi^ruments, Israel, NanoSpec 9000 of Nanometrics, USA, etc. 

Bodi SA and IM tools apply precise optical measurements, mainly based on 
spectral reflectometry, to the predetermined small measurement sites within the wafer's 
pattern structure. In order to reach this measurement site, the pattern recognition 
technique based on image acquisition and processing is applied accompanied by precise 
positioning and auto*focusing. 

in order to measure die layer thickness distribution (uniformity) over the vAiole 
wafer, sudi pre-measurement cycle of pattern recognition, precise positioning and 
spectral measurement is repeated in number of measurement sites over the wafer, e.g. 25 
points along the wafer of diameter=30QmnL Performance of entire measurement cycle, 
i.e. induding pre-measurwient cyde require significant amount of time and in some 
cases are the bottle-neck of the equipment run rate. 
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The main advantage of the above technique is using pre-detennined measurement 
sites widi known stack structure, so measurement data inteipietation is done on a basis of 
accurate optical model of measured 4iin fikn structure, providing ultimate accuracy and 
repeatability of tiie fibn thickness determination. 

5 In some case, it is more important to readi a maximal throughput (minimal 

measurement time) on account of some loss of measurement accuracy. For example, 
v/hen the film thickness is relatively high (several thousands of A) the accuracy and 
rq)eatability of single A of existing IM tools may be not so needed. However, the higher 
measurement speed of several seconds for multiple measurements on wafer is very 
10 important 

For such cases so-called ""large spof measurement techniques are being developed. 
Systems using ""large spot* do not require pattern recognition and precise positioning 
means. This technique is based on extracting useful average information about the top 
layer fiom mixed ^)ectrum received from different parts of wafer pattern with different 
1 S layer structures. Sudi techniques are disclosed for example die in US Patents Nos. 

5,872,633: 5,900,633 and PCT patent i^lication No. PCT/IL99/00466 (Publication. No. 
WO 00/12958) 

Being limited in measuremmt accuracy and repeatability, such tedmique still is 
useful for some applications. The main advantage of this technique is high measurement 

20 speed because such procedures as wafer alignment; pattern recognition and precise 

positioning are not needed. Moreover, applying a relatively large spot of about 20 mm, 
the light intensity reaching die photod^ector is high and the integration time of 
photodetectors needed for required SNR (signal-to-noise ratio) is very small, about 1 -2 
orders of magnitude analler than for ""small spor IM or SA tools, where the integration 

25 time for single measurement may be as large as 1 second or the like. 

Hie main limitaticMi of the ""large spoiT tedmique is its low spatial resolution. It is 
eqoecially critical for cases of hi^ non-uniformity within a relatively small wafer's area. 

For example; after CMP processing of silicra oxide layer, a high non-uniformity of 
the film thickness^ especial^ in tfie wafer edge areas is observed. Thus, large spot of 
30 about 20 nun and larger can not provide needed information, when resolution of about 
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1 mm is needed. Reducing the spot size to liie level of 1 nun will deteriorate drastically 
the measurement accuracy and in many cases makes this measurement impossible 
because of too strong dq)endence of received spectrum on die pattern stmcture. 

Thus, there is a need in the art for measurement technique providing advantages of 
S ^large spof ' and "'small spof techniques. 

SUMMARY OF THE INVENTION 

There is accordingly a need in die art to fiicilitates an optical measurements of thin 
films parameters of semiconductor workpiece, sudi as a semiconductor wafer, by 
providing a novel optical system and method for implementation a ''large spof" technique 
10 in such manner that provides desired spatial resolution, especially in the edge area of the 
wafer, without sufiScient reducing the measurements accuracy and rq>eatability. 

The main idea of the invention consists of combining the advantages of both ''large 
spot" and small spof approaches by configuring die measurement sites as an array of 
substantially concentric ring-like regions with substantially equal area. 

1 S Theie is thus provided according to one broad aspect of the present invention, a 

. m^iod ibr use in measurements of thin films, the method comprising illuminating a 
plurality of measurement sites in the woilqpiece and detecting light responses of the 
measurement sites, vrfierein die plurality of measurement sites define an array of 
substantially concentric ring-like r^ons sudi that an area defined by the measurement 

20 sites widiin me of die substantially concentric ring-like regions is substantially equal to 
that of the odier substantially concentric ring-like regiort 

In one embodiment of the invention, the array of substantially concentric ring-like 
r^ons is created by substantially conc«tric ring-like optical fiber bundles ^Ued to the 
workpiece; die ring-like fiber bundles having diff^ent radi and widths. 

25 In anodier embodiment ofdie invention the array of substantially concmitric ring- 

like regions is created by creating an illuminating spot cm the worpiece and scanning die 
workpiece widi die tlhiminating spot while rotating the workpiece with a predetermined 
velodly and providing a relative displacement between the workpiece and the 
illuminatiflg spot alf»ig a radius of the workpiece. 
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Preferably, the velocity of the displacement between the woriq)iece and the 
illuminating spot decreases from the center of the wodcpiece towards the edge or 
alternatively, the velocity of the displacement between the workpiece and the 
illuminating spot along a radius of the workpiece is substantially constant and the size of 
S the illuminating spot is variable. 

There is provided according to another broad aspect of the present invention, a 
method for use in measurements of wafer's top layer radial thickness distribution, the 
method comprising illuminating a plurality of measurement sites in the workpiece and 
detecting light responses of the measurement sites, wherein the plurality of measurement 
. 1 0 sites define an array of substantially concmtric ring-like regions such that an area defined 
by the measurement sites within one of the substantially concentric ring-like regions is 
substantially equal to that of the other substantially concentric ring-like region. 

Preferably, the detecting of light responses is p^ormed by a spectrophotometer. 

There is provided according to anoflier broad aspect of the present invention, an 
1 S optical system for use in measuremrats of thin films of a worpiece, the system 

comprising an illuminator assembly, a detector assembly, and a light directing assembly 
for directing illuminating light to a plurality of measurement sites in the workpiece 
arranged in an array of substantialty concentric ring-like regions, such that an area 
defined by the measurement sites within one of the substantially concentric ring-like 
20 r^ons is substantially equal to that of the odier substantially concentric ring-like region. 

In one embodiment of the invention the hght directing assembly is formed by a 
plurality of fiber-optic bundles, each ended by ring-like optical fixtures. 

Fte&iabfy, die light directing assembly comprises light distribution assembly that 
may be formed l^a rolatable minor 

25 Preferably, the detector assembly comprises a spectrophotometer. 

According to yel anotfier broad aspect of the present invention, there is provided an 
optical measurement ^stem for measurements of thin films of a worpiece, the ^stran 
oompiising a handto- for handling the worfcpice, illuminator assembly, a detector 
assembly, and a light directing assembly for directing illuminating light to a plurality of 
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measurement sites in the worlqiiece arranged in an array of substantially concentric ring- 
like regions, sudi that an aiea defined by the measurement sites within one of the 
substantially concmtric ring-like regions is substantially equal to that of the other 
substantially concentric ring-like region . .. 

5 In one embodiment of the invention the handler is rotatable and movable along 

horizontal axis. 

In another embodiment of die invention the handler is rotatable and said light 
directing assembly is movable along horizontal axis. 



10 BRIEF DESCRIPnON OF THE DRAWmGS 

la order to und^tand tiie invention and to see how it may b e carried out in practice, 
a prefored embodiment will now be described, by way of non-limiting example only, with 
reference to die accompanying drawings, in which: 

Fi& 1 schematically illustrates an optical system according to one embodiment of 
IS the present invention, widi ring-like ligjit directing assembly; 

Fig, 2 more spedfically illustrates a section view of one of the optical fixtures and 
its location relative to the sur&ce of the wafer W; 

F^ 3 schematically ilhistraftes one embodiment of optical assembly constructed 
according to tfie invention; and 

20 Vig^ 4 schematically illustrates a section view of an optical measuiement system 

according to another embodiment of the present invention 



DETAILED DESCRimm OF TEK INVENTION 

Hie main idea of die invention is that the ligjit spot is configured in a form of 
25 annular ring, preferably having die same cento- (coincide) vnAt the measured wafer. 

The entire area of such ring-like ^t is large enough, about the same as the regular 
circular spot of a. diameteF=20mm or even greater. Since in the wafer edge vicinity the 
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diameter of such annular ring is very large, it allows veiy small width of the ring and thus 
the hig^ spatial resolution of the measurements near the wafer edge. 

Such ring-like shape of the light spot allows measuring very accurately the 
thickness of Vadial non-uniformity that is typical for the most existing deposition and 
5 removal processes. The area S, of ring may be calculated as « 27c r Ar, wherein r is an 
average ring's radius and Ar - is a ring width. Lets consider Smin is the minimal area of 
signal collection/illumination needed for "large spof ' spectral measurements. The 
relationship between die ring's radius r and a ring width Ar can be e^qpressed using the 
value of the minimal area Smin equal to that of spot having diameter 20 nun. In this case, 
10 Smia =7c(20/2)^mm^i.e. Saii« = lOOnmm^ 

Thus, the relationship between the ring's radius r and a ring width Ar can 
mathematically be expressed in the following manner: 

At = 100 nf2n r = 50/r [mm]. 

From diis expression it can be seen that in the wafer's edge vicinity (for 300 mm 
1 S wafers) the radial resolution of measurements is about 0.3 mm and less dian desired (O.S 
mm). 

Referring to Fig. 1, diere is sch^natically illustrated optical measur^ent system 10 
constructed according to one exan^le of the invention. In Fig. 1, a workpiece W (for 
example semiconductor wafo) held statically on a diuck 12 is illuminated and viewed by 

20 one of optical fixtures OFi - OF5 (five in the presents example), which directs light 

downward cmto the sur&ce of wafer W, preferably normally thereto. Each of the optical 
fixtures OF, are formed by a phuality of fibers Oight-guides) of fiber-optic bundles FAi 
-FAs having an extend tip coupled to an i^csi assembly 14. As fijrth^ shown in Fig. 
1, each of die optical fixtures OF, excluding OFi has a riiig-hke form with pliuality of 

25 ends of fiber-optic bundles FAi - FA5 distributed thereoa Optical fixture OFi, located 
above the central porticm of die wafer W, has a circular form with desired cross-section, 
preferably providing illumination ^t of diameter about 20 mm on the wafer's sur&ce, 
which is defined by size of wafer's die & should be noted, that total cross-section of die 
optical fixtures OF, and fiber-optic bundles FAi - FA5 correspondingly, pref^abfy are 



wo 03/040771 



PCT/IL02/00898 



7 

equal, that can be readied by using the same number of optical or fibers. Such a 
constmction provides substantially equal illumination spot areas of each optical fixture 
OFi-OFs 

Fig. 2 illustrates a section view of one of the optical fixtures OF2- OF$zxA its 
S location relative to tfie surface of the wafer The optical fixture OF is formed by the 
end of optical fibers and has a width providing an illuminating ring-like spot on the 
surface of the wafer W of width about Ar. Due to some divergence of the illuminating 
beam, optical fixtures OFi - OFs should be located relatively close to the wafer's 
surface, preferable distance Ad is about 1 mm. Otherwise, complicated micro lens 
1 0 assemblies should be provided between the optical fixtures and wafer's surfiice. 

Referring to F^. 3, there is schematically illustrated one embodiment of optical 
assembly 14 constructed according to the invention. Optical assembly 14 as illustrated in 
Fig. 2, comprises a broadband light source 16, which directs die lig^t onto a beam-splitter 
18. Xe high stability lamp of 75 W commercially available from Hamamatsu or Ushio, 

1 S Japan may be used as light source 16. The beam-splitter 18 reflects the light beam and 
directs it through lens 20 onto a mirror 22, vMA selectively reflects the light onto 
common bundle tips of one of the fiber-optic bundles FAi - FA5 (only two of them FAi 
and FAsare shown). The li^ beam is transmitted trou^ one of the fiber-optic bundles 
FAi - FAsand corresponding optical fixture OFi - OFs onto the wafer's sur&ce in the 

20 shape of ring-like spot of different radius and widths. The reflected light beam is 

collected by the same optical fixture OFi - OF5 and transmitted back trough the beam 
splitter 18 and readies the q[>ectrophotometric detector 24. Spectrophotometric detector 
MMS— 1, comm^ciallyavaibble from Zeiss, Germany can be used as 
spectn^hotometric detector 24. ligjit source 16 and q;>ectrophotometric detector 24 are 

25 located in the planes B' and B^. Planes and B** are conjugate planes of the lens 20* 

Mirror 22 is rotatable, preferably step-by^tep, about an axis AP by a suitable driver 
(not ^own). In odier words» die minor 22 is oriented at 45 ^ to the vertical axis AP, and 
rotates in die horizontal plane; die input feces of the qitical fibers being arranged in a 
spaced-apait rdationsdiip in the hoiizcmtal plane. Thus, the rotation of the minor 22 will 
30 result in the sequential illumination of the bundle tips of one of the fibar-optic bundles 
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FAi - FAs The synchronization of the rotation of the minror 22 and reading the detector 
24 may be controlled by the programming means of the control unit (not shown). 

Thus, during one rotation all (or selective) optical fixtures OFi - OF5 are operated 
to illuminate and collect reflected signal from radially distributed concentric ring-shaped 
S measurements sites. Entire wafer measuremoits including calculation of radial thickness 
distribution (non-uniformity) are performed within time period of single seconds. Fig. 4 
illustrates a section view of an optical measurem^t system 100 having a somevs^t 
different construction as compared to the system 10. The system 100, similarly to the 
system 10, comprises a chuck 112 with a workpiece W (semiconductor wafer) held 

1 0 thereon, and an optical assembly 1 14. Contrary to the example of Fig. 1, chuck 112 is 
rotatable by any suitable drive (not shown), preferably with constant angular velocity. 
The optical assembly 114 comprises a broad-band light source 116, vAiidti directs the 
light onto beam-splitter 118, that reflects and directs the light onto objective lois 120 and 
the wafer's plane W. Preferably, the spot size formed by optical system is about 0.5 nun, 

1 S providing desired spatial resolution of measurements.. The reflected from the wafer's 
plane W light beam is transmitted back trough the objective lens 120 and beam splitt^ 
118» and readies die spectrc^hotom^c detector 124 and is used for spectroscopic 
measuiements. Additionally, in order to avoid contaminations, the optical assembly 114 
is sqianrted from the wafer's sur&ce by an optical window 122. In order to p^fonn 

20 measurements of radial tfiickness distribution (noo-unifomiity) tiie optical assembly 114 
is designed for linear movement along die axis X and provided by appropriate drive with 
apprq[>riate omtrol unit (not shown). Altmiativdy, the chuck 112 can be linearly 
movable along the X-axis in addition to its rotatioa It should be noted» that preferably, 
the optical window 122 has a nairow strip-like Asp& of a length about tfie wafe-'s radius, 

25 vMdb aOows peiibiming (fesired measuiemetds using mintmal size of die window. 

The optical measurement system 110 cpetatcs in die following manner. Preferably, 
the v/afer W is rotated widi a constant speed and a certain integration time for 
spectrophotometric detector 124 is sel In order to satisfy the above-mentioned 
conditions, Le. to perform measurements on strip-like measurements sites having 
30 substantially equal areas^ die linear movement of optical assembly 1 14 along the wafer's 
radius (X-axis) is performed with varying velocity and is inversely proportional to die 



wo 03/040771 PCT/IL02/00898 



radius (i.e. to die distance between the wafer's cent^ and measuiemnt site define by the 
optical assembly 114 along X-axis). To diis end, the velocity is maximal in the vicinity of 
wafer's center and slows down with increasing die radius. The advantage of such 
construction is that it allows perfomung of continues measurements along the wafer 
5 radius. This airangement requires movable stage for optical assembly 1 14 (or chuck 112) 
and providing rotatable chuck 112 with wafer's clamping during rotation, e.g. by using 
vacuum system. So it is more complicated than the embodiment shown in Fig. 1. 

Additionally, in order to satisfy the above-mentioned conditions, i.e. to perform 
measurements on strip-like measurements sites having substantially equal areas, the 
1 0 optical assembly 114 can be linearly moved with constant velocity. In that case, 

illumination spot is variable, e.g. having slit-like shape formed by spherical*<^lindrical 
l»is and variable aperture. The length of the slit (along wafer's radius) is changes with 
the displacemoit along the wafer's radius. To this end, the l»gth is maximal in the 
wafer's center vicinity and is decreased v/hile moved towards die wafer's edge. 

1 S Plrefetably, both systems 10 and 110 are provided with some kind of centering 

(positioning) assembfy. Such centering assemblies are well-known in die art, e.g. those 
disclosed in the US patent No. 6,212,961 or and do not require fiirdier description 

Finally, it will be s^reciated by persons skilled in die art that the present invmtion 
is not limited to what has been particularly shown and described hereinabove. For 
20 example, q;)ttcal light distribution system with mechanical or electroH>ptical shutters may 
be used with one Ugbt source, or for extremely high throughput, each optical fixture OF 
may be provided by its own Ught source. Additionally, oblique illumination, differrat 
polaii2ation, variable rotation vebcity are ^licable in the present invention. Rather die 
scqpe of the present invention is defined only by the claims that follow. 



25 
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CLAIMS: 



1 . A method for use in measuremmts of thin films, tfie method comprising 
illuminating a plurality of measurement sites in tfie workpiece and detecting light 
responses of the measurement sites, vhdi^dn the plurality of measurement sites 
define an array of substantially concentric ring-like regions such that an area 
defined by the measurement sites within one of the substantially concentric ring- 
like regions is substantially equal to tfiat of the other substantially concentric ring- 
like region. 

2. The method according to Claim 1 , wherein said array of substantially concentric 
ring-like regions is created by substantially concentric ring-like optical fiber 
bundles applied to the worlq)iece, the ring-like fiber bundles having different radi 
and widdis. 

3. The method according to Ckiim 1 , wherein said array of substantially concentric 
ring-like r^ons is created by creating an illuminating spot on the woipiece and 
scanning the wor]q)iece with the illuminating qx>t v^ile rotating the workpiece 
widi a pred^ennined velodty and providing a relative displacement betwera Ae 
woikpiece and the illuminating spot along a radius of the workpiece. 

4. The m^iod according to Claim 3, wh«ein velocity of said displacement between 
the wc»lq>iece and the illuminating spot decreases fiom the center of the 
workpiece towards 4ie edge. 

5. The mediod according to Claim 3, wherein velocity of said displacement between 
the workpiece and tiie illuminating spot along a radius of the workpiece is 
substantially constant and the size of the illuminating spot is variable. 

6. The mediod according to Claim S, vv^erein said illuminating spot has slit-like 
sh^. 

7. A method for use in measurem^ts of wafer's top layer radial thickness 
distribution, the mediod conq)rising illuminating a plurality of measurement sites 
in the woriqiiece and d^ecting li^t responses of the measuronrat sites, wherein 
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the plurality of measurement sites define an array of substantially concentric ring- 
like regions such that an area defined by the measurement sites witiiin one of the 
substantially concentric ring-like r^ions is substantially equal to that of the other 
substantially concentric ring-like region. 

5 8. The method according to Claim 7, wherein said array of substantially concentric 
ring-like r^ions is created by substantially concentric ring-like optical fiber 
bimdles applied to the workpiece, the ring-like fiber bundles having different radi 
and widths. 

9. The method according to Claim 7, wherein said anay of substantially concentric 
1 0 ring-like regions is created by creating an illuminating spot on the worpiece and 

scanning the workpiece with the illuminating spot v^ile rotating the woikpiece 
with a piedetennined velocity and providing a relative displacement between the 
workpiece and the illuminating spot along a radius of the woriq[>iece. 

10. The method according to Claim 1, wherein said illumination is substantially 
IS normal to Ae workpiece surfiu^e. 

1 1 . The method according to Claim 1 , v^rein said illumination is oblique to the 
workpiece sur&ce. 

12. The mediod according to Claim 7, wdierein said iUumination is substantially 
normal to the woriq>iecesuffiice. 

20 13. Tte method according to Claim 7, wherein said illuinination is oblique to the 
workpiece surfiice. 

14. The method according to Claim 10, wherein said illumination uses polarized light 

15. The method according to Claim 11, wherein said illumination uses polarized lig^t 

16. The method according to Claim 12, wherein said illumination uses polarized light 

2S 17. The method according to Claim 13, wherein said illumination uses polarized light 

18. The method according to Claim 1, wheiein said detecting of light respcxises 
performed by a spectrofrfiotometer. 
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19. The method according to Claim 7, wherein said detecting of light responses 
performed by a spectrophotometer 

20. An optica] system for use in measurements of thin films of a worpiece, the system 
comprising an illuminator assembly, a detector assembly, and a light directing 

5 assembly for directing illuminating light to a plurality of measurement sites in the 

workpiece arranged in an array of substantially concmtric ring-like regions, such 
that an area defined by the measurement sites within one of the substantially 
concentric ring-hke regions is substantially equal to that of the other substantially 
concentric ring-like region. 

10 21 . The system according to claim 20, wherein said light directing assembly is 
formed by a plurality of fiber-optic bundles, each ended by ring-like optical 
fixtures. 

22. The system according to claim 21 fiirther comprises light distribution assembly. 

23. The syst^ according to claim 22 wherein said light distribution assembly 
1 S comprises a rotatabte mirror. 

24. The system according to claim 20 wherein said detector assembly comprises a 
spectfophotonmter. 

25. Hie system according to claim 20 further comprises a polarizer in illuminating 
pa4i. 

20 26. The system according to claim 21 wherein said fiber-optic bundles have 
substantially equal cross-section. 

27. The ^stem according to claim 27 wherein said fiber-optic bundles are formed by 
substantially equal number of optical fibers with substantially equal cross-section. 

28. An optical measurement ^stem for measurements of diin films of a worpiece, die 
2S system comprising a handler for handling die woikpice, illuminator assembly, a 

detector assembly, and a light directing assembly for directing illuminating light 
to a plurality of measurement sites in the v/oApiece arranged in an array of 
substantially concentric ring-like r^ons, such diat an area defined by the 
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measurement sites within one of the substantially concoitric ring-like regions is 
substantially equal to that of die other substantially concmtric ring-like region 

29. The system according to claim 28, wherein said handler is rotatable and movable 
along horizontal axis. 

30. The system according to claim 28 \^^ein said handler is rotatable and said light 
directing assembly is movable along horizontal axis. 
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Fig. 3 
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Fig. 4 



